Study design: Observational study in rats subjected to traumatic spinal cord injury (SCI). Objectives: To describe the features of spinal subarachnoid bleeding (SSB) occurring after graded SCI. SSB after SCI has been reported previously, but has not been studied systematically despite the fact that cerebral subarachnoid bleeding often produces severe neurological damage. Setting: Mexico. Methods: Anesthetized rats were subjected to mild or severe spinal cord contusion at T9. Occurrence, size, progression and location of SSB were characterized morphologically and scored from T7-T12 at 1 h and 1, 3 and 7 days post injury. Besides, contusions were videotaped to visualize bleeding at the moment of impact. Results: SSB started immediately after contusion (severe or mild) and decreased gradually over time. For all vertebral segments, at all time points examined by histology, 48% of areas scored after severe contusion showed bleeding: 25% minor, 17% moderate and 6% major. After mild contusion, only 15% showed bleeding: 13 minor and 2% moderate. Maximum bleeding occurred early after injury in dorsal area of the epicenter in 100% of severe contusions (6% minor, 38 moderate and 56% major), and in 69% of mild contusions (63 minor and 6% moderate). Conclusion: Here, we detail SSB patterns occurring after graded SCI. Further studies are warranted to elucidate the possible role extramedullary events, such as SSB, in the pathophysiology of SCI that might encourage the development of new strategies for its management.
INTRODUCTION
Spinal cord injury (SCI) produces severe and permanent neurological impairment, attributed to pathophysiological mechanisms whose treatment has not yielded results worth implementing clinically. 1, 2 Hence, the importance of identifying novel pathomechanisms, possibly extramedullary events like spinal subarachnoid bleeding (SSB), that could become targets for new therapeutic strategies. SSB occurs after clinical 3 and experimental 4, 5 traumatic SCI.
In a recent report, 5 we describe the spinal subarachnoid space (SSAS) alterations that occur after graded spinal cord contusions. SSAS lumen is reduced at acute and subacute stages after injury. Notably, in severe cases, SSAS reduction and compression of neurovascular elements contained therein appear to be due to cord swelling and subarachnoid bleeding. Extramedullary events, such as these, may contribute to SCI pathophysiology by altering cerebrospinal fluid (CSF) dynamics and cord blood perfusion, which if addressed, might lead to a better outcome after cord injury.
Considering that extravasated subarachnoid blood in brain 6, 7 and spinal cord (not related to SCI), 8 can result in severe neurological deterioration and even death, we designed the current study to establish the extent and time course of SSB in acute and subacute stages after graded SCI in a validated rat model that reproduces human cord injury. 9 
MATERIALS AND METHODS
Adult female Long-Evans rats (240-260 g) were subjected to graded spinal cord contusion. For histological analysis (incidence, size, progression and location of extravasated blood in SSAS), animals (n ¼ 8 per group) were killed at 1 h and 1, 3 and 7days post injury. Additional rats with graded injuries (n ¼ 3 per group) were killed at the same time points for macroscopic viewing of SSB. Videotaping of severe and mild contusions (n ¼ 3 per group) was performed at the moment of injury to visualize very early bleeding.
Anesthesia, injury and cares
For cord injury, animals were anesthetized with ketamine (80 mg kg À1 ) and xylazine (8 mg kg À1 ) given intramuscular. A laminectomy was performed aseptically at T9. SCI was produced using the NYU impactor by dropping onto the exposed dura the rod weighing 10 g from a height of 12.5 mm for mild intensity injuries, and from 50 mm for severe injuries. Post-surgical care included manual expression of bladders twice a day. Food and water were provided ad libitum. Rats received ciprofloxacin lactate (8 mg kg À1 subcutaneously every 12 h), and acetaminophen in the drinking water (approximately 64 mg kg À1 per day).
Preparation of specimens
Histology was carried out with the same specimens used for a previous report. 5 Briefly, anesthetized rats were perfused by intracardiac puncture with saline solution, followed by 4% paraformaldehyde. Spine blocks were dissected out, post-fixed in the same fixative and then decalcified in 12% ethylenediaminetetraacetic acid. In total, 6-mm-thick transverse cryosections were obtained from each vertebral segment (T7-T12) at intervertebral discs. Sections were stained with the Masson method and propidium iodide for light and epifluorescent microscopy, respectively.
For macroscopic observations, rats were deeply anesthetized and perfused by intracardiac puncture with 200 ml saline solution, followed by 500 ml 10% buffered formaldehyde. Cords were dissected out keeping meninges intact, and were photographed.
Video recording
To view SSB immediately after mild and severe cord contusions, anesthetized/ laminectomized rats were placed in the NYU impactor. Video was recorded with an HD camcorder through a surgical microscope for about 1 min without interruption. Images were taken of the dorsal aspect of the dural sac before injury, at the moment of impact and for a few seconds thereafter.
Analysis
Using the relative grading frequencies of SSB, as determined by histological scorings (0-3), contingency tables were created and raw data analyzed with the w 2 test. Comparisons between mild and severe injuries were performed for the occurrence of SSB considering all areas examined (four circumferential areas into which all vertebral segments were divided, for all time points) or the condition of major bleeding (dorsal area of the injury epicenter, at 1 h and 1 day post injury). Progress, craniocaudal extension and circumferential location of bleeding were assessed and compared separately for mild and severe injuries; the vast differences of these parameters between both lesion groups merit no further statistical analysis. Differences were considered significant when Po0.05.
Statement of ethics
We certify that all applicable institutional and governmental regulations concerning the ethical use of animals were followed during the course of this research.
RESULTS
SSB started immediately after injury as shown in Supplementary videos 1 and 2. After severe injury, major bleeding arose from ruptured large vessels; small bleedings were observed at several points, apparently originating from pial and/or radicular vessels; single bleedings coalesced into subarachnoid hematomas (Supplementary video 1). For mild injuries, SSB appeared to arise from ruptured small vessels resulting in scattered minor bleedings, which did not pool to form hematomas (Supplementary video 2) .
Macroscopically, SSB appeared more intense in severe vs mild injuries, at the epicenter and adjacent segments vs segments away from the site of injury, at dorsal vs lateral and ventral aspects, and at early vs late stages after injury (Figure 1) .
To histologically score bleeding intensity, circumferential SSAS was divided into four areas: dorsal, lateral left, lateral right and ventral. Areas were defined by an X plane, which in most cases coincided with location of nerve roots. For 1 h through 3 days post injury, areas were graded depending on the amount of blood present as follows: 0, absence or very few erythrocytes (no more than 5 per Â 20 field); 1 (minor), loose erythrocytes or very small clots found in SSAS; 2 (moderate), hematomas occupying less than half the area; 3 (major), large hematomas filling more than half the area (Figure 2 ). For specimens obtained 7 days post injury, scoring (0-3) depended on SSAS occupancy by blood at different stages of disintegration, macrophages with engulfed erythrocytes and collagen-like bands.
Regarding the incidence and extent of SSB, considering all areas examined, for all vertebral segments, at all experimental time points, occurrence of SSB after mild injury was observed in 15% of the areas (13% grade 1 and 2% grade 2), while the rest showed no bleeding at all; after severe injury, bleeding was observed in 48% of the areas (25% grade 1, 17% grade 2 and 6% grade 3). The difference between SSB for mild and severe injuries was highly significant (Po0.0001). Under conditions of major bleeding (dorsal area of the injury epicenter, at 1 h and 1 day post injury), rats with mild injury showed bleeding in 69% of the areas examined (63% grade 1, 6% grade 2 and none grade 3), while rats with severe injury showed bleeding in 100% of the areas (6% grade 1, 38% grade 2 and 56% grade 3). Bleeding for mild vs severe injuries was again highly significantly different (Po0.0001).
In relation to the progression of SSB, extravasated blood within SSAS decreased significantly over time, most notably after severe injury going from 72% at 1 h to 27% at day 7 (Po0.0001), and from 18% to 9%, respectively, for mild injuries (P ¼ 0.0106) (Figure 3a) .
With respect to the craniocaudal extension of SSB, scorings from vertebral segments T7-T12 showed the greatest hemorrhage to occur at the epicenter (T10), which was 68% for severe injuries and 24% for mild contusions; in both cases, bleeding decreased gradually from the site of injury. The least bleeding for both types of injuries was observed at T7 and was 31% for severe injuries (Po0.0001) and 5% for mild lesions (P ¼ 0.0031) (Figure 3b) .
Regarding the circumferential areas of location of SSB for both types of injury severity, the greatest amount of bleeding was located dorsally: 72% for severe injuries and 26% for mild lesions. The least amount of bleeding was observed in ventral areas for severe injuries (35%, Po0.0001) and in lateral right areas for mild contusions (8%, Po0.0001) (Figure 3c ).
Inflammatory cells associated with SSB at 1 h, 1 day and 3 days after injury were polymorphonuclear leukocytes; by day 7 after injury, inflammatory cells observed were macrophages (Figure 4) .
DISCUSSION
To the best of our knowledge, this is the first observational systematic report on SSB associated to cord injury, with potential pathophysiological and therapeutic implications.
Our results show that occurrence and extent of SSB associated to SCI depend primarily on the severity of the injury. The differences in the incidence and extent of bleeding between mild and severe injuries are highly significant both when considering all areas examined in the study or only those areas of heavier bleeding.
Our findings are in agreement with those reported earlier on the extent of SSB as a function of the intensity of injury in experimental graded SCI, 4,5 although here we further describe the patterns of SSB associated to the intensity of SCI.
Spinal SSB occurs rarely from causes different than SCI. It has been associated to iatrogenic events such as lumbar puncture or minor vertebral trauma, both in patients with defective coagulation, characterized by an acute onset of symptoms, frequently leading to rapid neurological deterioration. 8 Patterns of SSB SSB starts with the rupture of vessels of different caliber in SSAS at the moment of contusion; the more severe the blow, the greater the extent of vessel rupture (Supplementary videos 1 and 2) .
The greatest amount of bleeding occurs in the dorsal portion of the epicenter, precisely at the site of impact. From there, blood diffuses through SSAS in both craniocaudal and circumferential directions, gradually decreasing as it moves away from the lesion epicenter.
For both mild and severe injuries, most SSB appears within the first hour after trauma. We can assume that, over time, part of the extravasated blood (loose erythrocytes and small clots) is gradually cleared by the CSF, leaving behind hematomas, which are too big to be washed out in this manner. In addition, other routes for subarachnoid blood clearing might involve hemolysis and removal by phagocytic cells, mainly macrophages, seen 7 days post injury (see Figure 4b ).
Possible implications of SSB on SCI outcome
Brain subarachnoid bleeding in humans and experimental animals, resulting from events such as ruptured aneurysms or brain injury, triggers inter-related pathomechanisms partially attributable to the release of toxic byproducts of hemoglobin degradation, [10] [11] [12] leading to irreversible brain damage and even death. Delayed ischemic neurological deficit is recognized as the most prominent complication of brain subarachnoid bleeding, 10, 12 and has been associated to several mechanisms including vasospasms, 10 failure of blood flow autoregulation, 7 disruption of the blood-brain barrier, 12 edema, 12 microthrombosis, 13 inflammation 11 and oxidative stress, 10 among others. Conditions such as these can in turn lead to alterations in neuronal signal processing and transmission, 12 infarctions 6 and gliosis. 14 Similar mechanisms of lesion occur after SCI. 1,2 It is therefore reasonable to speculate that the extravasated blood in SSAS (described here) may, in fact, contribute to the pathophysiology of acute SCI.
In addition, spinal subarachnoid hematomas might contribute to the development of posttraumatic arachnoiditis. Our observations on day 7 post injury, show fibrous stretches of collagen within these bloody structures that appear to be in the process of dissolution. These observations are in agreement with the findings of Sajanti et al., 15 who reported an increase in CSF concentration of procollagen propeptides in patients with recent subarachnoid hemorrhaging. In fact, since the very early studies of Bagley 16 extravasated subarachnoid blood has been causally linked to chronic spinal arachnoiditis. 15 Moreover, under the same experimental conditions used here, cord tethering occurred at the chronic stage in animals with severe injury, dorsally to the epicenter precisely at the site of maximum SSB. 5 Arachnoiditis, in turn, may lead to syringomyelia by alterations in dynamics of CSF flow 17 and spinal neuropathic pain due to nerve root entrapment. 18 
Study limitations
Being an observational study based on morphological analyses, our data do not provide information on mechanisms by which SSB could contribute to cord damage after SCI. We believe, however, that our report is a solid basis to formulate new hypotheses to test for pathological risks of such bleeding and eventual benefits from its control.
CONCLUSIONS SSB occurs after experimental blunt graded SCI and depends on the severity of injury being significantly greater after severe contusions compared with mild lesions. The greatest amount of blood in SSAS regardless of the intensity of trauma occurs early after injury and is found dorsally at the epicenter and decreases gradually, over time, away from this site.
The detailed description offered here on SSB patterns occurring after graded SCI is a starting point to achieve a better understanding of extramedullary events related to cord injury and may lead to the design of novel, more effective therapeutic strategies.
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